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Abstract

The rapid spread of the coronavirus disease (COVID-19) pandemic in over 200 countries poses a substantial threat to human health. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes COVID-19, can be discharged with feces into the drainage system. However, a
comprehensive understanding of the occurrence, presence, and potential transmission of SARS-CoV-2 in sewers, especially in community sewers,
is still lacking. This study investigated the virus occurrence by viral nucleic acid testing in vent stacks, septic tanks, and the main sewer outlets of
community where confirmed patients had lived during the outbreak of the epidemic in Wuhan, China. The results indicated that the risk of long-
term emission of SARS-CoV-2 to the environment via vent stacks of buildings was low after confirmed patients were hospitalized. SARS-CoV-2
were mainly detected in the liquid phase, as opposed to being detected in acrosols, and its RNA in the sewage of septic tanks could be detected for
only four days after confirmed patients were hospitalized. The surveillance of SARS-CoV-2 in sewage could be a sensitive indicator for the
possible presence of asymptomatic patients in the community, though the viral concentration could be diluted more than 10 times, depending on
the sampling site, as indicated by the Escherichia coli (E. coli) test. The comprehensive investigation of the community sewage drainage system
is helpful to understand the occurrence characteristics of SARS-CoV-2 in sewage after excretion with feces and the feasibility of sewage
surveillance for COVID-19 pandemic monitoring.

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [1,2]. It has rapidly spread throughout 202 countries around the world. As of 5 October 2021, there have been
236 599 025 confirmed cases and 4 831 486 deaths globally, and the number is still increasing rapidly. There is evidence of
human-to-human transmission of SARS-CoV-2 [3-6]. In addition to direct contact and respiratory routes [2,7], fecal
transmission might be an alternative route, supported by the occurrence and survival of SARS-CoV-2 in patient feces [8—11].
Infected patients can excrete the virus in feces for several days, even after their respiratory symptoms have resolved [12].
Although several studies on the decay and persistence of SARS-CoV-2 or SARS-CoV-2 RNA in different matrices have been
performed in the laboratory [13—15], the actual persistence in the sewage system of communities with sporadic confirmed
cases has rarely been studied. Although the virus can be detected in human feces and urine, the persistence and spread of
SARS-CoV-2 in the drainage system is unknown. SARS-CoV-2 infection via bioaerosols poses a potential threat to human
health. Therefore, it is necessary to study the decay, transmission, and potential infectivity of SARS-CoV-2 in drainage
systems.

The sewage plumbing system of a building is a reservoir of pathogenic microorganisms such as SARS-CoV-2, and could
potentially be a source that enables transmission of the airborne virus within a housing block. Incomplete disinfection and
defects in plumbing systems in indoor environments such as hospitals and residential buildings may increase the chance of
viral droplets infecting people. During the SARS outbreak in 2003, a super spreading event with a total of 342 confirmed
cases within a building in Hong Kong, China raised concern [16]. The vent stacks within the building were suspected as a
possible route of transmission of water-related disease [17]. During COVID-19, some studies proposed that the drainage
system may be a plausible source of transmission that could lead to infection and global spread of SARS-CoV-2 [18,19].
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The community drainage system is the beginning of the sewer system, and SARS-CoV-2 may persist in sewage for a
relatively long time. There is a risk of contamination of the downstream drainage system if the viruses can survive in the
septic tank within the community. Both the temperature and matrix type can influence the microbial decay and persistence of
viruses in raw sewage. Ahmed et al. [15] observed that temperature greatly influenced the first-order decay rate of SARS-
CoV-2 RNA in wastewater, and SARS-CoV-2 RNA persisted longer in tap water (9.40-58.60 days) than in raw wastewater
(8.04-27.80 days) and autoclaved wastewater (5.71—43.20 days). However, a recent study reported that 90% inactivation of
viable SARS-CoV-2 in untreated wastewater and tap water at room temperature occurred between 1.5 and 1.7 days [14].
SARS-CoV-2 RNA is more persistent than viable SARS-CoV-2 and can remain in wastewater for a longer time [13,14]. A
risk of transmission still exists in community sewage systems after SARS-CoV-2 discharge from confirmed cases. However,
experiments conducted in the laboratory may alter the microbiota that influence the decay of virus particles in wastewater.
Thus, a comprehensive analysis of field tests would provide more information.

The sewer is a semi-enclosed system, and researchers have demonstrated that aerosols from sewage containing
microorganisms that pose a high risk to human health, including pathogens, fungi, and viruses can escape the system [20—
23]. Pathogenic transmission may occur via the inhalation of small droplets originating from sewage pipes. These pathogenic
microorganisms can infect the operators of sewerage and citizens residing near the drainage system through inhalation, direct
contact, and oral intake. Therefore, it is necessary to investigate the occurrence and persistence of SARS-CoV-2 in septic
tanks and the related drainage system of the communities with confirmed cases.

We conducted a comprehensive investigation of the occurrence, presence, and potential transmission of SARS-CoV-2 in a
community sewage drainage system during the early days of the COVID-19 in Wuhan, China. The transmission risk of SARS-
CoV-2 via sanitary plumbing systems was evaluated in select communities after the hospitalization of a confirmed COVID-
1 patient. Field tests were conducted to detect the occurrence of SARS-CoV-2 in vent stacks, septic tanks, and manholes
within the community drainage system via the SARS-CoV-2 RNA test. This study provides valuable field data to enhance
our understanding of the occurrence characteristics of SARS-CoV-2 in sewage after excretion in feces and the feasibility of
sewage surveillance for COVID-19 pandemic monitoring.

2.Materials and methods
2.1 Sampling

Sewage plumbing systems in communities with confirmed patients in Wuhan were selected as a case study. In this study,
a total of five communities (FG, WD, CF, FD, and DZ) were selected, with 1-3 confirmed patients that were registered and
hospitalized. The aerosol, sewage, and sediment samples were collected from septic tanks of buildings, as well as aerosol
samples from vent stacks of the buildings of residence of the confirmed cases. Additionally, the sewage, sediment, and aerosol
samples in the main drainage outlet of the communities were all tested. The sampling times of all sewage, sediment, and
aerosol samples were between 4 and 52 days after the patients were hospitalized.

The aerosol samples were collected by using an aerosol particle liquid concentrator (WA-15, Beijing Dinglan Technology

Co., Ltd., China) at a flow rate of 14.0 L-min~! for 30 min. This sampler can concentrate the aerosol particles directly into the

liquid. Sewage samples were collected from septic tanks of buildings where confirmed patients had lived on  February 26,
March 1, and March 10, 2020. A stratified plexiglass sampler was used to obtain samples from different layers of the septic
tank, designated the top layer (0—50 cm) and bottom layer (50-100 cm). All collected samples were immediately transferred
to the laboratory at 4 °C for RNA extraction.

2.2 Bacteriological analysis

The bacteriological examination of Escherichia coli (E. coli) (fecal indicator) was conducted using the plate counting
method. The collected sewage was concentrated, and the supernatant was removed. Then, the sample was prepared in
physiological saline and serially diluted 10-fold. One milliliter of each prepared diluted sample was transferred aseptically
into a series of nine test tubes that contained Durham tubes and double strength MacConkey broth. The tubes were shaken
gently and incubated at 37 °C for 24-48 h until gas production and lactose fermentation indicated positive reactions. Finally,

the concentration of E. coli was estimated using the most likely number (MPN) method and reported as CFU-mL"!.

2.3 RNA extraction and RT-PCR analysis

First, 500 mL of sewage samples and 2—3 mL of aerosol samples were centrifuged at 3000 g for 0.5 h, and the suspension
was transferred to a sterilized bottle. Then, NaCl and polyethylene glycol (PEG)-6000 were added, and the final concentrations

were adjusted to 0.3 mol-L!' and 10%, respectively [24]. The prepared suspension was allowed to settle overnight and

centrifuged at 10 000 g for 0.5 h. The residue after centrifugation was collected for further RNA extraction. The samples from
septic tanks were centrifuged at 10 000 g for 0.5 h. Then, the residue was also collected for RNA extraction. Total RNA was
extracted using the EZ1 virus Mini kit (Qiagen, Germany) according to the manufacturer’s instructions.
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in the Project of COVID-19 Prevention and Control (fifth edition, Chinese Center of Disease Control and Prevention) [25].
The sequences of the two primer pairs and probes are listed in Table 1. All RT-PCR amplifications were performed in a 25
uL reaction system using an AgPath-ID™ One-Step RT-PCR Kit (Life Technologies, USA). All RT-PCR mixtures contained
12.5 puL of 2 x RT-PCR Buffer, 1 uL of forward and reverse PCR primers, 1 uL. of TagMan probes, 1 pL of 25 x RT-PCR
Enzyme mix, 4 puL of nuclease-free water, and 4.5 pL. of RNA template. The PCR amplification procedures are shown in
Table 1.

RT-PCR amplification was performed on a LightCycler 480 Real-time PCR platform (Roche, USA) in triplicate. For each
amplification, triplicate negative and positive controls were conducted to verify the results. Cycle threshold (Ct) values of <
37, > 40, and 3740 were used to classify samples as positive, negative, and suspected samples, respectively.

Table 1
Primers and probes used in this study.

Target gene Cycling parameters

Sequence (5'-3")

CCDC-N Forwards primer: GGGGAACTTCTCCTGCTAGAAT
Reverse primer: CAGACATTTTGCTCTCAAGCTG 45 °C for 10 min,
Probe: FAM-TTGCTGCTGCTTGACAGATT-TAMRA 95 °C for 3 min, 45
CCDC-ORF1  Forwards primer: CCCTGTGGGTTTTACACTTAA cycles of 95 °C for
Reverse primer: ACGATTGTGCATCAGCTGA 15 s, and 60 °C for
Probe: FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQI 45s

FAM: carboxyfluorescein.
3. Results
3.1 Cross-transmission of SARS-CoV-2 by building sanitary plumbing systems

Since the spread of SARS-CoV-2 through aerosols has been confirmed, the fecal-oral route is emerging as a considerable
environmental concern for community transmission. To evaluate the risk of transmission via aerosols within buildings where
confirmed cases reside, five typical communities with confirmed patients were selected to detect SARS-CoV-2 nucleic acid
in aerosols from the vent stack of the drainage system. Specifically, the detection of SARS-CoV-2 in the vent stack of the
buildings was performed on days 4, 30, 32, 42, and 52 after hospitalization of the confirmed patients. The detection results of
all samples using primers for CCDC-ORFI and CCDC-N both showed good consistency. No positive detection of SARS-
CoV-2 nucleic acid was detected in the aerosol samples collected from vent stacks for four days after the confirmed patient
left the residence (Table 2). The results did not indicate the persistence or flushing out of viral nucleic acid in the vent stacks
for more than four days. Additional samples were collected from the vent stacks on days 4, 19, and 31 after the confirmed
patients had recovered and returned to their residences from the hospital, and the results of nucleic acid tests from all of those
samples were negative.

I}?: lc;e?ection of SARS-CoV-2 at the outlet of vent stacks of buildings that confirmed that patients had lived in (2020).

Sampling Sampling date Adrpission date Number of ‘ Days after the' Ct values

location / Discharge date confirmed patients confirmed patients left CCDC-ORF1 CCDC-N
FG March 20 March 16/April 5 1 4 Negative Negative
WD March 4 g;bmary 2/FebriQe 2 30 Negative Negative
CF March 4 February 1/March 25 3 31 Negative Negative
FD March 20 ii};ﬁu;ry 6/March 1, 2 42 Negative Negative
DZ March 25 ggf)rAu;:ﬁ %/February 3 52 Negative Negative

3.2 The fate of SARS-CoV-2 in septic tanks of the community drainage system

The presence of SARS-CoV-2 in the septic tanks of the buildings of residence of confirmed patients was investigated. The
sewage, sediment, and aerosol samples were all obtained from the septic tanks 4-52 days after the confirmed patient was
hospitalized. The results RT-PCR testing are shown in Table 3. The samples from aerosols and sediments in septic tanks were
all determined to be negative. On the 4th day after the patient was diagnosed with COVID-19 and hospitalized, one sewage
sample collected from the FG community septic tank on March 20 tested positive for SARS-CoV-2 with a Ct value of 34.41

+ 0.45 using the CCDC-ORF1 assay, while the CCDC-N assay failed to detect SARS-CoV-2 in this sample. This

demonstrates that SARS-CoV-2 RNA was detected in the sewage of the septic tanks after the confirmed patient was absent
from the building for 4 days. After the confirmed patient was hospitalized for 23 days, virological testing of various types of
samples in the septic tanks was negative. Unfortunately, due to epidemic development and limited field conditions, no valid
samples were available between the 4th and 23rd day.

Table 3
Detection of SARS-CoV-2 in septic tanks of buildings where confirmed patients live in (2020).
Sampling Sampling Admission date Number of Days after the  Ct value
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location date / Diccharoe date confirmed confirmed Qewaoe Qediment Aerocal
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<< I-N

ORF[]  ~ " ORF]  ~ =" ORF'1
) 34.41 )
FG March 20 March 16/April 5 1 4 ( 0.45) Negative Negative Negative Negative Negative
February . . . . . .
WD February 26 2/February 28 2 23 Negative Negative Negative Negative Negative Negative
CF February 26 §§bruary I/March 3 24 Negative Negative Negative Negative Negative Negative
February . . . . . .
WD March 4 2/February 28 2 30 Negative Negative Negative Negative Negative Negative
CF March 4 ggbruary I/March 3 31 Negative Negative Negative Negative Negative Negative
FD March 20 lfelzrgle');é/March 2 42 Negative Negative Negative Negative Negative Negative
February
DZ March 25 1/February 22, 3 52 Negative Negative Negative Negative Negative Negative
April 1

3.3 SARS-CoV-2 surveillance at the outlet of the community drainage system

As shown in Table 4, although the SARS-CoV-2 RNA test was positive in the sewage from the building on the 4th day
after the patient was hospitalized, no positive detection of nucleic acid was found at the outlet of the community drainage
system. Moreover, the results of the nucleic acid tests of both the sediment and aerosol were classified as negative or not
detected. Thereafter, at WD, no positive samples were detected in the septic tanks of their residential buildings after all the
confirmed cases were hospitalized for 23 days. However, the nucleic acid tests were positive for samples from the outlet of
the community range system on the 23rd day after the confirmed patients were hospitalized for both CCDC-ORFI and CCDC-

N primers and on the 30th day for the CCDC-ORF'I primer. At CF, SARS-CoV-2 RNA was detected (37.89 £ 0.53) for the

CCDC-N primer at the outlet of the community drainage system on the 31st day after the patients were hospitalized, while
samples from septic tanks were negative in the same timeframe. Positive detection at the community outlet without confirmed
SARS-CoV-2 emission source indicate that asymptomatic infection or other viral source might be present in the community.
Unfortunately, due to inadequate awareness during the early period of the epidemic no valid information regarding confirmed
asymptomatic infection during the study is available.

Table 4
Ct values of SARS-CoV-2 in the sewage, sediment, and aerosol in the main outlet of each community (2020).

Number Sampling days Ct value

Sampling Sampling Admission date of after the Sewage Sediment Aerosol
location date / Discharge date confirmed  confirmed CCDC- CCDC- CCDC-
patients patients left ORF1 CCDC-N ORF1 CCDC-N ORF1 CCDC-N
FG March 20 March 16/April 5 1 4 Negative Negative Negative Negative Negative Negative
WD February February 2 23 34.85 32.66 Negative Negative Negative Negative
26 2/February 28 (+0.48) (+0.23) g g & &
February 36.49 . . . . .
WD March 4 2/February 28 2 30 (+0.24) Negative Negative Negative Negative Negative
CF ;gbruary gsebruary 1/March 3 24 Negative Negative Negative Negative Negative Negative
CF March 4 g;bruary 1AgFth 3 31 Negative ?jg 23) Negative Negative Negative Negative
FD March 20 l;egr::i?;&March 2 42 Negative Negative Negative Negative Negative Negative
February
Dz March 25 1/February 22, 3 52 Negative Negative Negative Negative Negative Negative
April 1

3.4 Estimation of the apoptosis of SARS-CoV-2 surrogate in community drainage system

E. coli, which has been used as an indicator of fecal transmission in sewage and the extent of fecal contamination in the
environment, was selected to indirectly represent the dilution or apoptosis of SARS-CoV-2 during sewage transportation
[26,27]. The concentrations of E. coli in septic tanks near the building and the drainage outlets of the residences in CF, FD,
FG, and DZ are shown in Table 5. The concentration of E. coli in sewage decreased by an order of magnitude from the septic
tanks of buildings to the drainage outlet of the community in all four communities, and the average apoptosis percentage of
E. coli was 87.25% + 8.42%. Previous studies have shown that human coronavirus (CoVs) can be affected by many
environmental factors and are less likely to survive in sewage than E. coli [28]. Based on previous data and the results of our
E. coli testing, we speculate that concentrations of the new human CoV, namely, SARS-CoV-2, could decrease more than an
order of magnitude from septic tanks to the main drainage outlet of the community, either through dilution or apoptosis.

Table 5
E. coli apoptosis within the community drainage system at the residence (2020).
Sampling location Sampling Septic tanks/nearest Main outlet of community (CFU-mL") Attenuation of E.coli (%)
date manhole (CFU-mL")
CF March 4 1.7 x 10%/1.7 x 108 1.7 x 107 90
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FD March 20 3.5 x 108 7.9 x 107 77
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4. Discussion
4.1 The recovery and detection method of SARS-CoV-2 RNA

The whole process for testing for SARS-CoV-2 RNA in sewage is complex. Issues with the sample collection, sample
pretreatment, and nucleic acid extraction of the solid and aerosol samples may result in negative results [29]. Various methods
for recovery of SARS-CoV-2 RNA in untreated sewage have been reported worldwide, including PEG precipitation,
ultrafiltration, ultracentrifugation, filtration with an electronegative membrane, and skimmed milk flocculation [30-35]. In
this study, the PEG method was used to concentrate SARS-CoV-2 in sewage during the earliest period of the COVID-19 due
to its ease of on-site operation, short processing time, lack of refrigeration requirements, and low reagent cost [32,36].
However, this method is more appropriate for nonenveloped viruses than enveloped viruses, and thus, little is known about
their applicability for enveloped viruses such as SARS-CoV-2. Consequently, selecting the PEG method and its recovery
efficiency may have a certain influence on our detection results.

The selection of primers targeting different fragments is another factor for the detection of SARS-CoV-2 RNA in sewage.
Recent studies have proven that there were clear differences in the ability to differentiate between positives and negatives for
low amounts of the virus with different primer—probe sets [24]. The amplification results of the two target fragments of SARS-
CoV-2 in sewage showed different results in the study, which might be due to the sensitivity difference of the two primer
pairs during amplification. A recent study proved that the sensitivity of the primers of CCDC-ORF'] was higher than that of
the primers CCDC-N at low virus concentrations [37], which might result in failed amplification with the primer pair of
CCDC-N. Therefore, the verification of multitarget fragments of SARS-CoV-2 for RT-PCR testing is needed to improve
detection in the future.

4.2 Potential cross-transmission risks of SARS-CoV-2 in community drainage systems

The risk of cross-transmission of SARS-CoV-2 in buildings is affected by many factors, such as the number of infected
patients, the interconnectedness of the sanitary plumbing system, and the viral load [38]. The detection of SARS-CoV-2 RNA
at the outlet of vent stacks of all selected buildings showed negative results, indicating that the risks of virus emission from
buildings were low after all confirmed patients had been hospitalized. Only a small number of confirmed cases (< 3) were in
the selected buildings with intact vent stacks, and the virus load was low. Furthermore, the high fluidity of the air also
accelerated the removal of nucleic acid residue in the vent stack after confirmed patients were hospitalized. The low positive
detection rates at the outlet of vent stacks in this study can prove that the continuous emission of SARS-CoV-2 to environment
via vent stack is low after the confirmed case were hospitalized. However, some previous studies have reported that the virus
could spread via ventilation systems within buildings during the epidemic period of SARS, such as the events in Hong Kong
in 2003 and in Guangdong in 2020 [16,39]. Therefore, it is still necessary to strengthen prevention in the early stage of the
epidemic to eliminate possible transmission risks, especially for buildings with old ventilation facilities. Aerosol transmission
within buildings remains a concern when the epidemic becomes more severe [40]. The timely isolation of confirmed patients
and maintaining the ventilation system intact are necessary to prevent the widespread transmission of the virus within
buildings.

After the patients were hospitalized, negative SARS-CoV-2 RNA results were obtained in all sediment or aerosol samples
in the septic tanks from the 4th day to the 52nd day. Only a few sewage samples were found to be positive. However, other
studies found that enveloped viruses showed a tendency of higher partitioning in suspended solids of sewage [29]. A recent
study found that SARS-CoV-2 from primary clarified sludge samples was solid-rich and showed high sensitivity for SARS-
CoV-2 detection [41]. Another study showed that 90% of SARS-CoV-2 RNA was likely to be present in the liquid phase of
sewage but not the suspended solid phase [42]. This finding is similar to that found for mouse hepatitis virus (MHV), where
approximately 70% of the enveloped virus existed in sewage liquids at equilibrium [43]. The different results might be because
the virus nucleic acid could be packaged in suspended solids or released into sewage under certain circumstances. Studies on
virus partitioning in different phases may provide more information to assess the potential risk of SARS-CoV-2 in community
drainage systems.

4.3 Implications for sewage surveillance of SARS-CoV-2

This is a very early study on the risk of SARS transmission within community sewerage systems after the COVID-19
patients were identified. The study provided the earliest experience with sewage surveillance for SARS-CoV-2. Although
there were no documented confirmed cases for 31 days after the confirmed cases were hospitalized, the SARS-CoV-2 was
still positively detected at the outlet of the community drainage system with comparable viral load attributed to the confirmed
patients [44]. The SARS-CoV-2 RNA could also be excreted from recovered confirmed cases who were able to protract the
viral RNA shedding in feces as long as days to three months [45,46]. However, the time of positive detections in sewage were
all earlier than the time that confirmed cases discharged from the hospital, thus ruling out this possibility. The results showed
that hidden asymptomatic patients might be in the community during the study period. A recent study also showed that the
decline in COVID-19 cases could precede the decline in SARS-CoV-2 RNA [42]. Thus, sewage surveillance could be adopted

as an effective tool for predicting and assessing potential pandemics, which is very useful for tracing the source of SARS-
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system based on the results of the E. coli test. A feasible sewage sampling strategy could include rapid sampling to target the
suspected area and conduct further screening.

5. Conclusions

This study conducted a comprehensive investigation of the occurrence and potential transmission of SARS-CoV-2 in a
community sewage drainage system during the early days of the COVID-19 pandemic. The data suggest infection risk could
be eliminated shortly after the confirmed patient left the building (< 4 days) under the condition of an intact new building
structure. Less than 23 days after the confirmed patients were hospitalized, negative results for SARS-CoV-2 nucleic acid
testing in the septic tanks were obtained. SARS-CoV-2 RNA could be more easily detected in sewage than in sediment or
aerosols within the community drainage system. The virus concentration could be decayed and diluted by an order of
magnitude even from the building septic tanks to the outlet of the community drainage system based on the E. coli indicator
test. The study provided the earliest experience with sewage surveillance for SARS-CoV-2, and sewage surveillance could
be adopted as an effective tool for predicting and assessing the potential pandemic, which is very useful for tracing the source
of SARS-CoV-2 at the community level.
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Highlights

The study provided most early experience of the sewage surveillance for SARS-CoV-2 in the field.
The risk of emission of SARS-CoV-2 to environment through vent stacks is small.

It takes less than 23 days for SARS-CoV-2 RNA to turn negative in the septic tanks.

Sewage surveillance could be used to monitor the possible presence of asymptomatic infection.

The risk of aerosol transmission within community sewage drainage system is small.



